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Abstract 
Electrical conductivity of MWNT filled polymer composites can strongly depend on the 
dispersion of the filler. Injection moulding of the same nanotube filled conductive composite 
materials can lead to significant differences in conductivities while the corresponding 
morphological changes seem to be moderate. Here we report on a conductive atomic microscopy 
(C-AFM) study of a series of polycarbonate/MWNT settings injection moulded with different 
injection speeds and melt temperatures, completed with optical microscopy, SEM and TEM 
characterization. C-AFM was found to be able to visualize the significant differences in the 
morphology of electrical pathways in cross section. These morphological variations seem to 
correlate to the differing volume resistivity data and are in agreement with the expected structural 
effects of injection moulding processes with different parameters. 
Keywords: A Polymer-matrix composites (PMCs) A Carbon nanotubes, B Electrical properties, 
D Atomic force microscopy (AFM), E Injection moulding 
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1. Introduction 
Since Iijima [1] identified multi-walled carbon nanotubes (MWNT) in 1991 and single 
wall carbon nanotubes (SWNT) along [2] with Bethune [3] in 1993, scientists’ attention was 
kindled by their outstanding properties. Features of CNTs such as excellent mechanical 
properties, electrical and thermal conductivity associated with their high aspect ratio and low 
density, have several potential benefits which are expected to manifest when they are employed 
as fillers in polymers [4–20].  
Practical methods are available; allowing to study and understand the relationship 
between the microstructure and macroscopic mechanical properties of MWNT/polymer 
composites. Dealing with electrically conducting MWNT nanocomposites, a similar multiscale 
characterization should be completed with the high-resolution mapping of the electrical 
properties. Though the strong correlation of the nanoscale morphology and the electrical 
properties is apparent, conventional microscopic methods as transmission optical microscopy 
(TOM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) 
provide only indirect information on the electrical properties.  
One of the possible solutions is offered by an SEM based method: charge contrast 
imaging (CCI), which is able to differentiate between the nanotubes connected to the electrical 
network.  The CCI method is based on the fact that in case of certain SEM imaging conditions the 
nanotubes connected to electrical percolation paths, have different contrast to nanotubes not 
connected to it [20]. A. Noll and T. Burkhart characterized the electrical conductivity of 
multiwall carbon nanotubes poly(p-phenilene sulphide) composite using CCI of a low 
acceleration voltage SEM, revealing the electrical properties of the studied composite [18,19]. 
Socher et al reportedly used SEM-CCI to visualize the dispersion structure and the conductive 
network of 2 wt.% CNT containing PA12 composites [21]. Formerly Jeon et al accessed the 
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dispersion of SWCNTs in crystalline iPP matrix with increasing SWCNT content by CCI SEM as 
well [22]. Even though CCI method is a very powerful tool for imaging which nanotubes 
contributes to the electrical percolation, the charge transport induced by accelerated electrons 
differs from the processes which occur during a usual I-V resistivity measurement. On the other 
hand the image is a projection of the volume mapped by the electrons from the estimated 
thickness of 300 Å at 30 kV [23,24].  
Conductive tip atomic force microscopy (C-AFM) as the member of the family of 
scanning probe microscopies, images directly the local electrical conductance of the studied 
sample. The principle of the method is that a conductive tip is used for scanning the sample 
surface in contact AFM mode [25–27]. A voltage is applied between the tip and the sample 
generating a current which is registered pixel by pixel together with the topographic information 
from the same area of the sample. The main advantage of C-AFM over standard electrical 
measurement techniques is the high spatial resolution. Its full potential might be exploited in 
mapping the conductance of a surface only when the conductive objects present in the sample and 
on its surface are connected to the below electrode in order to allow the charge transport through 
the whole thickness of the sample [28]. The C-AFM method has been used  in characterizing the 
local electric properties of wide area of samples, e.g. in case of  photovoltaic fullerene blends 
[29] and organic films [40–43], but no reports have shown its use in study of  MWNT/polymer 
composites.  
The aim of this work is to demonstrate the capability, illustrate the sort of achievable 
information and assess the reliability of the application of the C-AFM method in studying the 
local electrical properties of MWNT/polymer composites. Hence a comparative study was 
performed between C-AFM and TOM, SEM, TEM methods to investigate six 3 wt. % 
MWNT/polycarbonate injection moulding settings with diverse electrical volume resitivities.  
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Injection moulded parts were produced using a 3wt. % polycarbonate raw material varying the 
melt temperature (tm) and the injection speed (iv). The use of MWNT based nanocomposites for 
commercial applications needs an understanding of how the processing conditions influence the 
arrangement of nanotubes in the matrix and the morphology of the electrical percolation network 
which subsequently determines the nanocomposites’ final electrical properties.  
2. Experimental 
2.1.  Composite processing 
The materials subjected to our investigations were injection moulded from polycarbonate 
(PC) filled with 3 wt. % of MWNT. The raw material was obtained diluting a PlaticylTM PC1501 
masterbatch by Lexan 123R Resin Polycarbonate by melt compounding in a twin screw extruder, 
with a screw speed of 590 rpm and a throughput of 11 kg/h and a cylinder temperature of 240 °C. 
The PC1501 was produced by Nanocyl using 15 wt. %  NC7000 type of multi-wall carbon 
nanotubes and polycarbonate [34]. The MWNTs were produced by catalytic chemical vapour 
deposition by Nanocyl. They have reportedly an average diameter of 9.5 nm, average length of 
1.5 μm and a surface area of 250-300 m2/g.  
Using an Engel ES 330/80 HLS horizontal injection moulding machine, 76 mm long and 
wide and 4 mm thick parts were injection moulded from the above described raw material. The 
mould had a 67.5 mm wide film gate with 1mm opening. Six different process parameter settings 
were used to produce 25 plates of each, using different melt temperatures (Tm) and injection 
velocities (iv), see Table 1.  
Sample preparation for characterization 
Figure 1. shows an injection moulded plate and the steps of the sample preparation 
procedure. A bar was removed from the middle of the plate, and then further slices were 
microtomed by a diamond knife in the direction perpendicular to the flow direction using a Leica 
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Ultracut microtome, cutting 5μm thick slices for optical microscopy and 70-100 nm thin slices 
for TEM. The masterbatch and the raw material, available as granules was embedded in epoxy 
resin, and then cut as the injection moulded sample bars. A part of approx. 5 mm thickness with 
the mirror flat surface left over, that’s back side was fixed to a stainless steel sample holder by 
carbon paste. C-AFM and SEM investigations were performed using this sample. The composite 
piece was then removed from the sample holder, the carbon paint was cleaned away by sandpaper 
and the two opposite sides perpendicular to the injection direction were contacted with silver 
paint for volume resistivity measurements.  
2.3. Characterization 
Electrical volume resistivity (ρ) measurements were carried out with a two wire method 
using a Keithley 2100 digital multimeter, the measurements were repeated until a constant value 
was obtained (see further details in [35]).  
Optical microscopy observation was completed using an Olympus BH2 transmission 
optical microscope with a Leica DFC 280 digital camera. We determined the macrodispersion 
index of the samples following the method described by S. T. Buschhorn et al., and G. R. 
Kasaliwal et al. [10,36] calculated and averaged on ten images for each sample. The 
macrodispersion index (D), considers the area occupied by filler divided by the total investigated 
area on a bitmap of the transmission optical microscopy image, and was calculated using the 
formula: D=[1-f((ACNT /A0)/v)]*100% , where f is a factor keeping in view the density of CNT 
agglomerates, that’s value, was estimated to be 0.25.  This may have inaccuracies due to 
inhomogeneity of the slice’ thickness [37,38] as well as the volume of the carbon nanotubes, 
which was considered by the notation v in the above formula.  ACNT (with size ›1μm were 
neglected) is the area occupied by the carbon nanotubes, while A0 is the total investigated area. 
The density of CNTs 1.75 g/cm3 was assumed [36,38].  
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Scanning electron microscopy was performed by a LEO 1540XB field emission scanning 
electron microscope (FESEM) equipped with InLens and Everhart-Thornley secondary electron 
detectors  used at 5 kV EHT. 
Transmission electron microscopy (TEM) investigation was carried out on a Philips 
CM20 transmission electron microscope fitted with LaB6 electron gun and operated at 200 kV.  
Conductive Atomic Force Microscopy (C-AFM) investigations were performed using a 
Multimode 8 AFM (Bruker) operated with 20 nm Pt-Ir coated AFM probes in the C-AFM mode 
to capture the conductive AFM images, setting the following parameters under ambient 
conditions and room temperature: 100 pA current sensitivity and 100 mV DC sample bias 
voltage, in 10μm scanning area, with 512x512 pixel resolutions. In this case the size of one pixel 
is about 20 nm, which is commensurable with the diameter of the applied MWNTs and is in the 
order of magnitude of the probes radius of curvature. The maximum current values measured 
ranged between 2.8 nA and 0.51μA. Regarding that C-AFM scans dangling tubes on the surface, 
pulled out during the sample preparation process, the tip contacts not only the tubes’ end but their 
length might also be imaged due to bending. These effects result in a blurred image of the 
individual tubes. Considering the fact that C-AFM images solely the surface without any insight, 
the image of an originally electrically connected MWNT cluster may be displayed as separated 
but close spots. The investigations at the nano scale carry some difficulties, among them one 
might take into account that the samples surface may be damaged, due to strong forces applied by 
the tip in contact mode [33], but the tip could abrade or might collect contamination from the 
samples surface, therefore fulfilling the requirement of a clean and flat surface will ensure proper 
AFM investigations. 
3. Results and discussion 
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Volume resistivity study of the samples (Table 1) showed high variation of the volume 
resistivity values ranging from 2.23 to 1470 kΩ*cm. As a first attempt transmission optical 
microscopy was carried out following the usual analysis route mentioned above to brighten the 
morphological reasons of the significant differences found.  Fig.2. shows two typical examples of 
micrographs. The macrodispersion index (D) data of the investigated samples displayed in Table 
1. shows values ranging between 99.84-99.97% of evenly distributed filler at the macro scale. 
Besides, the values of the individual samples are fairly close to each other proving that the 
different applied processes have not modified the morphology distinctively at the macro scale.  
3.1. Scanning electron microscopy (SEM) of the samples with the highest (F2) and 
lowest (F6) volume resistivity values have been performed and their SEM images are presented 
on Figure 3. The greyish background is considered as the matrix material, in this case 
polycarbonate, while the white stringy objects are the MWNTs. Both samples present a porous, 
spongy structure with cavities of a few hundred nanometers size.  Sample F6 showed more 
uncovered nanotubes, while sample F2 proved better wetting of the tubes (compare Figs. 3A and 
B).  
3.2. TEM investigations of the six injection moulding settings resulted samples and the 
masterbatch with 15wt. % CNT content besides the raw material used for injection moulding 
containing 3 wt. % MWNTs were also performed. On the TEM micrographs displayed in Fig. 4 
individual nanotubes, their clusters and areas of neat polymer are clearly recognizable. Besides, a 
few irregular carbon particles are also visible in some of the images presumably they are 
impurities of the MWNT raw material. All the images include parallel bands due to the common 
defects of the used diamond knife. Assessing the distribution of MWNTs in the 15 wt. % 
masterbatch (MB) sample is demanding due to their high density. The presence of neat polymer 
areas on the left side of the image however implies the non-uniform distribution of the filler. 
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After dilution, the 3wt. % raw material sample shows a few microns size connected clusters 
separated by almost neat polymer. As a result of injection moulding, clear structural changes 
were noticed on all of the samples, which affected the distribution of the MWNTs in different 
degrees. The image of sample F1 shows the most uniformly dispersed MWNTs forming clusters 
scarcely. The volume fraction of neat polymer parts seems to be very low. Sample F2 has mainly 
evenly dispersed MWNTs and loose clusters with neater polymer islands. Sample F3 has 
uniformly dispersed loose elongated shape MWNT clusters being denser than in case of F2. In 
case of sample F4 compared to F3, the MWNTs form clusters but the areas between them contain 
individual nanotubes [39]. The image of sample F5 shows mainly small MWNT clusters divided 
by areas containing individual tubes with varied density. Sample F6 displays elongated MWNT 
clusters, located as interconnected parallel cluster groups. In general, these changes observed 
after injection moulding of the raw material resulted in more uniform textures.  
3.3. Figure 4. presents the  C-AFM images of the investigated sample series. Regarding 
the peculiarity of the sample that the conductance is due to the presence of the nanotubes, while 
the polymer matrix is insulating, obviously even the smallest measured current indicates the 
presence of MWNTs connected to the electrical percolation network. Therefore we found it 
practical to visualize the conductance of the samples on a black and white figure where the white 
parts belong to conductive paths, while the black ones are associated to the insulating parts of the 
sample. Information loss may occur due to this binarization but one should take notice of that C-
AFM is not suitable for quantitative information retrieval anyway. This speciality of the method 
was verified e.g. by Andrejs et al.  on investigating donor-doped lead-zirconate -titanate layers 
[50], and Lang et al when characterizing Al2O3 films [41]. Our experiences confirmed that even 
though successive measurements are performed in the same area using the same probe with the 
same parameters, deviations by a factor of two in the current values were observed, still resulting 
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in quite satisfactory qualitative morphological similarities between the images (not shown here). 
Among the different factors responsible for the quantitative uncertainty of the method, a 
significant one is the unstable contact. At each pixel, the surface is pressed by the sharp probe 
exerting a finite force, which deforms the material to a certain extent. Two components might be 
distinguished during the probe-sample contact interaction; an elastic and a surface dominated 
one, the later originates e.g. from the Van der Waals interactions [39]. Omitting all but the elastic 
interaction, we made an estimation of the contact area using Sneddon’s model [39,42]. Spherical 
tip shape with 40 nm radius and a perfectly elastic sample material with the macroscopic elastic 
parameters; E = 2.8 GPa Young’s modulus and ν = 0.35 Poisson’s ratio were assumed. The spring 
constant of the cantilever was determined and calibrated in situ from its vibration properties using 
the dedicated routine of the device. The interaction force can be determined for each scan as the 
relationship between the electric signal of the feedback system, dedicated to keep the cantilever 
bending constant and the real geometrical situation is well known. In our case it was F = 80 ±15 
nN, that allowed the radius of the contact area to be calculated obtaining a = 9 ± 3nm. The 
random distribution of MWNTs and the spongy, porous morphology of the sample surfaces 
revealed by SEM study implies a pixel by pixel variation of the sample deformation, causing of 
the contact area and consequently the flowing current changes as well [41]. Instabilities between 
the feedback signal and the interaction force due to thermal drifts; nonlinearities of the 
piezoelectric actuators may induce apparent changes. Even though the tip may keep conducting 
for several measurement hours its attrition occurs inevitably leading to the change of its shape. 
Another effect of the tip-sample interaction induced sample deformation is the relative shift of 
the MWNTs within the sample, by modifying the resistance of the conductive path next to the 
investigated spot. One may note that the resistance of a CNT network is determined by the 
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resistance of the CNT-CNT junctions [43]. Considering the above mentioned effects, quantitative 
assessments of C-AFM measurements is highly unadvised.  
Figure 5.F1 displays the C-AFM image of the used raw material; featuring conductive 
spots exceeding typically the size of 150 – 250 nm. These spots situated mostly in groups 
separated by insulating islands can be attributed to the dense parts of MWCNT clusters visible in 
the corresponding TEM image (Fig. 4.F1-Fx). The injection moulding settings of sample F1 was 
280 C melt temperature and 18 mm/s injection speed, i.e. medium shear was expected, which is 
known to enhance the dispersion of the nanotubes [35]. C-AFM image of the sample presents 
conductive spots with significantly smaller average size and increased dispersion, the average 
area of continuous insulating areas is reduced. The overall coverage by conductive spots is 2.63% 
of the imaged area. In agreement with the picture the C-AFM data indicates, TEM image of the 
same sample (Fig 5-F1) shows much more scattered MWNT distribution with only smaller, low 
density clusters. Sample F2 was produced using the same 280 C melt temperature as in case of 
sample F1 but it had a higher injection speed of 42 mm/s. Therefore a higher shear is expected, 
dispersing and separating the nanotubes. What we see in the C-AFM image of this sample is that 
the overall coverage is really low, only 0.75% of the imaged area. Scarce but relatively extended 
and grouped conductive areas separated by large insulating domains are present. Based on the 
corresponding TEM results we can suppose that most of the MWNT clusters have been 
segregated to separated nanotubes or isolated from the conductive network, only a few of them 
remained in contact. Sample F3 was processed using 6 mm/s injection speed combined with a 
higher melt temperature; 300 C. C-AFM revealed that 15.85% of the studied area is conductive, 
the conductive spots are smaller than in case of the raw material but they form dense, elongated 
clusters in accord with the corresponding TEM image (Fig.4.F3). Here we can suppose that the 
nanotube clusters of the raw material have been loosen, expanded as a consequence of the higher 
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mobility of polymer chains at elevated melt temperature, while the CNT-CNT contacts were not 
broken for lack of significant shear. Turning to samples F4 and F5 processed at the same 
temperature but with higher injection speeds, 30 and 42 mm/s, respectively, the individual 
conductive spots show similar shape and approximate size but the density and size of their groups 
are decreasing as injection speed increases. The coverage of the conductive spots is 5.88% and 
2.35% for samples F4 and F5, respectively. Here we see how the morphology characteristic for 
sample F3 has been changed by the effect of moderate and high sheer: a part of the MWNT 
clusters have been dispersed and separated from the conducting network, higher extent in case of 
sample F5. TEM study of the F3, F4 and F5 samples confirms the previous picture: extended, 
loose MWNT clusters are present in sample F3 with empty polymer areas between them. TEM 
image of sample F5 presents smaller clusters and significant decrease of the empty polymer 
islands. TEM of sample F4 shows a somewhat intermediate structure but this cannot easily be 
recognized because of the higher slice thickness. A very high 320 C melt temperature was linked 
to a 42 mm/s high injection speed in case of sample F6. Compared to F3, here we can notice also 
the presence of bigger conductive spots though most of them are still small and densely packed. 
They cover 10 % of the imaged area of sample F6.  Despite the high injection speed, the sheer in 
case of this high temperature was not high enough to significantly disperse the nanotubes. On the 
contrary, the increased mobility of the polycarbonate chains eased the build-up of new, larger 
conductive spots with different shape compared to the raw material. Both elongated clusters and 
some dense areas can be recognized in the corresponding TEM image.  
The coverage by conductive spots compared to the bulk electrical resistivity data (see 
Table 1.) of samples produced using the same melt temperature prevails the tendency: the larger 
coverage matches a lower volume resistivity value. This tendency seems not to be valid for 
samples with different melt temperatures. 
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Conclusions 
To the best of our knowledge for the first time C-AFM was used to map the electrical 
properties MWNT/polycarbonate composites. Significant differences in the morphology of 
electrical pathways in cross section were revealed, which seem to correspond to the expected 
structural effects of the used injection moulding settings and the various volume resistivity data. 
Particularly we observed the variation of the density of the MWNT clusters under the mobility of 
the polymer chains; besides we proved that the increasing shear disperses the MWNTs and 
disrupts their connection to the electrical network. C-AFM maps are in accord with the result 
obtained by transmission optical microscopy, SEM, and TEM. It stands also for proof that the C-
AFM might contribute to a more comprehensive understanding of structure-property relationship 
for electrically conductive composites.  
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Table 1. Injection moulding conditions of the investigated 97 wt. % polycarbonate matrix and 3 
wt. % of MWNTs samples, the related volume resistivity data of the bulk sample (ρbulk 
kΩcm), the area covered by conductive spots in % (Acond%) and the macrodispersion index 
(D) with its standard deviation (SD) calculated and averaged on ten images for each 
sample. 
Fig.1. Sample preparation method for electrical volume resistivity, transmission optical 
microscopy, SEM, TEM and C-AFM investigation of PC97MWNT3 composites. 
Fig.2. Transmission optical microscopy images of PC97MWNT3 composites, sample F2 (A) and 
F6 (B). 
Fig. 3. Scanning Electron Microscopy images of samples F2 (Tm=280 C°, Vi= 42mm/s; 
ρbulk=4600kΩ*cm) and F6 (Tm=320 C°, Vi= 42mm/s; ρbulk=80kΩ*cm) 
Fig.4. Transmission Electron Microscopy images of the injection molded parts and the related 
raw material: F1-TEM images of sample (Tm=280 C°, Vi= 18mm/s; ρbulk=13.5kΩ*cm); 
F2-TEM images of sample (Tm=280 C°, Vi= 42mm/s; ρbulk=4600kΩ*cm); F3- TEM image 
of the sample (Tm=300 C°, Vi= 6mm/s; ρbulk=2.72kΩ*cm); F4- TEM image of the sample 
(Tm=300 C°, Vi= 30mm/s; ρbulk=20.4kΩ*cm); F5-TEM image of the sample (Tm=300 C°, 
Vi= 42mm/s; ρbulk=45kΩ*cm); F6-TEM image of the sample (Tm=320 C°, Vi= 42mm/s; 
ρbulk=18kΩ*cm); Rm-TEM image of the raw material (3 wt% MWNT-polycarbonate 
diluted by 15wt% MWNT-polycarbonate masterbatch). 
Fig. 5. Conducting Atomic Force Microscopy binarized images of cross sections of the injection 
molded parts: F1-C-AFM images of sample (Tm=280 C°, Vi= 18mm/s; bulk=13.5kΩ*cm); 
F2-C-AFM images of sample (Tm=280 C°, Vi= 42mm/s; ρbulk=4600kΩ*cm); F3- C-AFM 
image of the sample (Tm=300 C°, Vi= 6mm/s; ρbulk=2.72kΩ*cm); F4- C-AFM image of the 
sample (Tm=300 C°, Vi= 30mm/s; ρbulk=20.4kΩ*cm); F5-C-AFM image of the sample 
(Tm=300 C°, Vi= 42mm/s; ρbulk=45kΩ*cm); F6-C-AFM image of the sample (Tm=320 C°, 
Vi= 42mm/s; ρbulk=18kΩ*cm); Rm-C-AFM image of the raw material (3 wt% MWNT-
polycarbonate diluted by 15wt% MWNT-polycarbonate masterbatch). 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
